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I would also like to thank PGE professors for providing students with an outstanding educational experience and particularly Dr. Larry Lake for teaching us the Art of numerical simulation. example, if fines migration and sand production are a concern, then minimizing the near wellbore pressure gradients is the primary criterion for the selection of the optimum choke management strategy.
Results indicate that the selection of the optimum strategy (sequence of choke settings) is independent of the drawdown and depends primarily on the duration of the ramp-up period. Among the 251 strategies evaluated, three of them consistently appear to be the optimum. We further refine strategies using a single parameter, incorporated in a dimensionless expression of BHP as a function of time. From simulation results, we conclude that for relatively short bean-up durations (i.e., infinite acting behavior), the pressure gradient reduction at the wellbore varies logarithmically with time. Choke management strategies appear to have similar performance as far as no more than 70% of the drawdown is applied during the initial 20% of the overall bean-up duration. For longer durations (i.e., when the presence of the no-flow boundary is felt), the optimum strategy depends on both reservoir properties and radial extent. For the case of square drainage area, a plot suggesting the optimum strategy with respect to dimensionless duration is presented. Positive skin and multiphase flow near the wellbore, negatively affect the performance of bean-up strategies. For vertical wells producing from multiple layers, bean-up strategies should be selected with respect to the effective horizontal permeability, ultimately yielding the greatest pressure gradient reduction in the low permeability zones.
The proposed method enables engineers to select the optimum choke management strategy with respect to bean-up duration and formation properties. The duration of the bean-up process is drawdown dependent thus further research is encouraged in determining the maximum allowable pressure gradient in order to curtail sand production. 
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Introduction
Choke management strategies vary significantly among operators, primarily with respect to the overall duration of the ramp up process. An improper production schedule, characterized by a rapid and excessive drawdown could trigger massive sand production or proppant flowback, possibly resulting in completion impairment and wellbore failure. usually provides an overly conservative estimate for the maximum allowable drawdown since sand production is considered to be concomitant with sand failure. Additional parameters affecting sanding severity include reservoir depletion and water breakthrough, which significantly reduces tensile strength. Researchers have underlined the notion that sand failure is a necessary; however not a sufficient condition for sand production to occur. Sanding events will only be triggered upon the presence of favorable hydraulic conditions (i.e., substantial pressure gradients) capable of mobilizing the failed sand or causing direct tensile failure of the weakly consolidated formation (Vaziri et al. 2002) .
Based on the previous observation, choke management strategies should be aimed towards minimizing the near-wellbore pressure gradients induced by the applied overall drawdown. This notion has also been adopted by Geilikman et al. (2005) who studied the effect of bean-up procedures on fines migration. Keeping these potential formation damage mechanisms in mind we have proposed a method to select a bean-up or choke management strategy that minimizes the pressure gradient in the near wellbore region.
The approach is quite general and can be applied whether the well is unloaded for the first time, pushed toward a peak rate or re-started after a long shut-in period. Within this study we assess the performance of different choke management strategies for wells that operate under constant BHP, rather than increasing surface rate. More specifically, we provide a framework for selecting an optimum series of decreasing BHP that will yield the greatest reduction in pressure gradients in the well vicinity, thus minimizing the risk of formation tensile failure and/or sand fluidization. The method is general and could potentially be applied in cased and perforated wells where screen erosion or gravel pack destabilization are the dominant failure mechanisms. In the later case, the optimization process should focus on minimizing pressure gradients or fluid velocities along
perforations. For open-hole completions, strategies are compared using the available analytical solution for wells operating under constant BHP whereas, for a more detailed analysis, numerical simulation is performed. Additionally, we address how the overall drawdown and bean-up duration may affect the selection of the optimum choke management strategy as well as the potential benefits of prolonging the overall duration of the ramp-up process. Finally, we assess the performance of bean-up strategies in vertical wells characterized by positive or negative skin factors as well as for vertical wells producing from multiple layers.
Choke Management Considerations
Choke management strategies (or bean-up operations) refer to the process of gradually increasing the rate or drawdown towards achieving a target, stabilized rate. A bean-up operation can be described with respect to increasing production rates or levels of drawdown. However, since the rate is primarily controlled by the choke size and since most of the previous work has focused on determining the maximum allowable drawdown, we adopt the latter approach. In order to simplify the study of bean-up operations, we assume that the wellbore provides adequate vertical lift performance to produce all the fluid the reservoir can deliver during the ramp-up process. Consequently, bean-up operations can be studied on the basis of increasing levels of drawdown or, equivalently, decreasing BHP. Taking the previous considerations into account, a beanup process can be defined by the following parameters: duration (t B ), overall drawdown (DD), number of BHP configurations (N), duration and magnitude of each subsequent reduction in BHP. Even though the term bean-up operation usually refers to the process of bringing a well on production, choke management strategies should also be considered during shut-in cycles. In fact, frequent and harsh shut-downs followed by rapid bean-ups can severely harm cementation due to differential strain loading, causing premature formation failure and possibly sanding (Vaziri et al. 2004 ).
Among the different parameters characterizing a bean-up operation, drawdown has been studied the most. Several papers have been published for predicting the maximum allowable drawdown that a formation or completion can withstand (Nouri et al. 2006; Wong et al. 2003) . Methods vary from purely empirical to analytical models and sophisticated numerical schemes. However, since the parameters associated with numerical modeling are not routinely measured, major operating companies typically deploy analytical models that are based on either shear or tensile failure criteria.
Such analytical models typically capture a single failure mechanism and assume that formation or completion failure is concomitant with the onset of sand production. Vaziri et al. (2002) showed that analytical models generally provide a high level of conservatism in predicting the maximum allowable drawdown, especially in HP/HT wells.
Additionally, massive reservoir depletion and/or water-breakthrough limit the applicability and reliability of analytical methods (Nouri et al. 2006 ).
As opposed to the maximum drawdown, bean-up duration is a parameter that has not been extensively studied. Vaziri et al. (2004) suggests that a new step of the ramp-up process should not be applied unless pore pressures from the previous adjustment have reached a state of equilibrium within a close region around the well. That implies that formations characterized by high diffusivity can be brought on production within relatively short bean-up durations (Geilikman et al. 2005) . Later in this study we address how the duration of the ramp-up process can determine the selection of the optimum choke management strategy with respect to reservoir and fluid properties.
A general framework for comparing bean-up operations
In this section we present the foundation for comparing choke management strategies in reservoirs that satisfy the assumptions of the radial diffusivity equation.
Bean-up operations will be evaluated with respect to minimizing pressure gradients near the wellbore. Even though the assumptions associated with the radial diffusion equation impose limitations in the applicability of the method in real-life reservoirs, useful observations and general conclusions may be drawn. 
The pressure gradient obtains its maximum value immediately after a decrease in BHP. The rate of decline depends on the diffusivity constant, D, which depends on both formation and fluid properties:
A reservoir with high diffusivity will result in a rapid decline in pressure away from the wellbore upon the implementation of a single, instantaneous drawdown.
Bean-up operations are intended to reduce the wellbore flowing pressure from an initial pressure (P i ) to a final pressure (P f ) over the duration of the rate ramp-up process.
Pressure, P i , can either be the initial reservoir pressure or the average pressure after a sufficiently long shut-in period. The difference between P i and P f equates the overall drawdown (DD) of the ramp-up process, which is user specified. In order to systematically define choke management strategies, we provide the discretization shown in Fig.2 . The BHP is considered to be constant during every step of the ramp-up process.
Different strategies can be selected, allowing for a reduction of BHP in a stepwise manner. Enumeration of the alternate strategies (paths) using a repetition scheme yields a total of 252 strategies, including the instantaneous drawdown case. More specifically, the pressure gradient is calculated at the sandface 90 seconds after a choke adjustment, for bean-up operations as well as for the instantaneous drawdown case. Prior to the passage of 90 seconds, the pressure gradients will be greater compared to the calculated values however, the time frame of 90 seconds is assumed to be representative of the maximum pressure gradient during a given choke adjustment and short enough to inhibit severe formation damage or sanding events of continuous nature.
The selection of 90 seconds is rather arbitrary, and affects neither the process of comparing choke management strategies nor the optimum strategy itself. The reservoir properties are presented in Table 1 . The BHP is gradually reduced until an overall drawdown of 1,200 psi is applied over a period of 10 hr. Fig. 3 indicates that the maximum pressure gradient during the ramp-up process is smaller (by approximately 18%) compared to the maximum pressure gradient induced by a single, instantaneous reduction in the BHP by 1,200 psi. Gradually reducing the BHP has a profound impact on pressure gradients near the wellbore. In order to quantify the efficiency of a bean-up operation, we define the following two parameters:
A) λ is the ratio of the maximum pressure gradient during the entire ramp-up process over the (maximum) pressure gradient of the instantaneous drawdown:
(dp/dr) λ= (dp/dr)
B) RCP (Ratio of Cumulative Production) is the ratio of the cumulative volume produced during the ramp-up process over the volume produced during the corresponding instantaneous drawdown for the same bean-up duration:
Volumes are calculated by adding the cumulative production of individual solutions, based on the principle of superposition.
Resulting from the definition, both parameters are smaller than one. We also need to reiterate that the smaller the parameter λ, the greater the efficiency of the ramp-up process with regard to pressure gradient reduction. A parametric analysis with respect to the applied drawdown proves that both ratios are independent of the overall drawdown.
That implies that the efficiency of a strategy is not related to the magnitude of the drawdown.
It is important to note that the optimum strategy is not known a priori. Fig.4 illustrates three different strategies along with the corresponding parameters, λ and RCP.
Intuition suggests that a stepwise strategy characterized by a linear-like reduction in BHP would be a good option (Fig. 4a) . However, an aggressive reduction in BHP during the early stage of the ramp-up process (Fig. 4b) performs better, yielding lower pressure gradients (smaller value of parameter λ). On the contrary, poor performance is observed when a considerable reduction in BHP is applied toward the final stage of a bean-up operation (Fig. 4c) . The reservoir response to the aforementioned strategies can be Table 1 .
Nevertheless, minimizing pressure gradients during the bean-up operation is the primary objective of this study. To this end, we need to identify the strategy that yields the minimum value of λ. This strategy is considered to be the optimum choke management strategy. For example, in Fig. 5 , the optimum strategy corresponds to point Reservoir properties presented in Table 1 .
We observe that for a short bean-up, lasting less than 5 hr, all three strategies have similar performance, with Strategy A performing slightly better. In this case, the fastest way to bring a well on production corresponds to strategy A. For bean-up durations greater than a critical value (here equal to 8 hours) the maximum pressure gradient of Strategy A will always occur during the initial stage of the process, regardless of the duration of the ramp-up operation. The initial reduction in BHP proves to be the critical factor of the process, locking the performance of Strategy A at 0.67. This justifies the plateau observed (see Fig. 6 ) and constitutes a limitation of the proposed discretization.
For bean-up operations longer than 5 hr but shorter than the tEIA, strategies B and C have similar performance. For prolonged bean-up operations strategy C is the optimum.
We also observe that prolonging the duration of Strategy C further reduces pressure gradients: for Strategy C, the maximum pressure gradient is always observed towards the final stage of the process and the initial reduction in BHP is not a limiting factor. This justifies the fact that no plateau is observed for strategy C. In general, the following trend is observed: increasing the bean-up duration causes the optimum bean-up strategy to In this section, we performed a comparison of 251 bean-up operations derived from a lattice discretization. The discretization is rather coarse allowing for a maximum of six choke adjustments, with an initial reduction in BHP at the beginning of the process.
Since we only used a maximum of six choke adjustments, this may pose limitations in the applicability of the method for prolonged bean-up operations. However, with the current analysis, the following conclusions can be drawn:
 The performance of bean-up operations is independent of the overall applied drawdown. Consequently, determining the maximum allowable drawdown and selecting a choke management strategy are two distinct tasks that should be conducted independently and iteratively to yield the optimum short-term production schedule.
 Low pressure gradients and relatively high volumes of cumulative production are not mutually exclusive, provided that an optimum strategy is selected. In general, a better performance is observed if a large reduction in BHP is applied during the early stage of the ramp-up process.
 The performance of a choke management strategy depends on the duration of the bean-up process as well as on reservoir properties. For relative short durations (i.e., infinite acting behavior), a large initial reduction in BHP is preferred (Fig. 6a) whereas, for a prolonged bean-up operation a more gradual adjustment is suggested (Fig. 6c) .
 For relatively short bean-up operations (i.e., infinite acting behavior), pressure gradients reduce logarithmically with increasing duration. The impact of reservoir boundaries increases the performance bean-up operations due to reservoir depletion. Thus, prolonging the duration of the ramp-up process could prove beneficial in reservoirs characterized by high diffusivity.
Numerical simulation
The method described in the previous section is general and can be used for comparing choke management strategies in any reservoir of interest, provided that the transient pressure solution is known. For cases where the strict assumptions of the analytical solution are not satisfied, a reservoir simulator can be deployed to acquire the pressure solution and the corresponding pore pressure gradients near the wellbore. This section describes the process of comparing bean-up operations in oil and gas wells using a reservoir simulator.
As mentioned previously, the objective is to minimize pressure gradients near the wellbore. A reservoir simulator provides the capability of calculating the pressure gradients at any point of interest, depending on the anticipated failure mechanism. In order to overcome the shortcomings of the previously presented coarse discretization of the choke settings, we introduce the following single-parameter dimensionless equation that describes the variation of BHP as a function of time:
where t BD is the dimensionless bean-up time, defined as
Eq. (6) In order to simulate and ultimately compare choke management strategies, the continuously varying wellbore pressure, as calculated by Eq. (6) is converted into steps of constant BHP. The duration of each step is considered to be equal to 15 min. Fig. 9 presents a BHP schedule derived in this manner. The proposed steps of constant BHP can be implemented in the field with the use of a computer-adjusted choke.
Different bean-up scenarios (values of a) are compared for oil and gas wells located at the center of a homogeneous and isotropic square reservoir. The reservoir and bean-up properties are presented in Table 2 . The combination of reservoir properties and bean-up parameters yields a pool of possible scenarios. Pressure gradients are calculated 0.2 ft away from the wellbore using a refined mesh of square elements (0.2 x 0.2 ft) in the well vicinity. The wellbore comprises of cells operating under constant BHP (i.e., infinite productivity index). of magnitude for the case of a gas hydrocarbon. Consequently, the effect of bean-up operations will be more pronounced in high permeability, gas fields. of magnitude for the case of a gas hydrocarbon. Consequently, the effect of bean-up operations will be more pronounced in high permeability, gas fields.
Figs. 11 and 12 present the performance (parameter λ, y-axis) of different choke settings (parameter a, x-axis) with respect to permeability and bean-up duration for oil and gas wells. Based on these plots, the following observations can be made:
 For infinite acting behavior (see Figs. 11a, 11b, 11c, 12a, 12b) , strategies between a=-0.9 to a=0 have similar performance. In fact a BHP setting with a=-0.9 performs slightly better. This observation is in agreement with the conclusions derived from the discretized model discussed in the previous section.
 For relatively short bean-up operations (i.e., infinite acting behavior), the best way to bring a well on production, even for a bean-up duration of 2 hr, corresponds to a parameter of -0.9. Fig. 8 suggests that such a strategy can be implemented in the field by applying no more than 70% of the overall drawdown during the initial 20% of the bean-up duration. On the contrary, values of parameter a smaller than -0.95 yield higher pressure gradients and should be avoided.
 For the case when reservoir boundary effects can be felt (see Figs. 11d,   12c, 12d ) the optimum choke strategy shifts from a=-0.9 to greater values, depending on the duration of the ramp-up process. More precisely, the longer the bean-up duration, the larger the value of parameter a. Simulation results were utilized to express the optimum strategy as a function of bean-up duration, formation and fluid properties. To this end, we define the relative duration t*:
which provides a relative measure of the bean-up duration with respect to reservoir properties and acreage. For a homogeneous and isotropic reservoir with square drainage area, the optimum strategy can be obtained from Fig. 13 . The points have been generated using Eq. (5) and approximate values from Table 2 for both oil and gas wells. The increasing trend between duration and parameter a indicates that a prolonged bean-up operation should be combined with a slower reduction in BHP. 
The influence of Skin and Multiphase flow
Permeability near the wellbore may be impaired due to plugging of the pore space by formation fines, inefficient filter cake removal or considerable increase in effective stress. Engineers may account for these factors with a positive skin factor however, in the current model, near wellbore permeability is assumed to be constant and indifferent to alterations in effective stress or cavities formed due to sand production. In this section we assess the effect of skin and multiphase flow on the performance of choke management strategies. More specifically we investigate whether such conditions can boost or compromise the efficiency of bean-up operations with respect to reducing pressure gradients near the wellbore. 
Using the reservoir properties of Table 2 , the near-wellbore permeability was modified to account for an impaired zone of 3 ft. The methodology of the previous section is adopted with pressure gradients calculated within the impaired zone for the instantaneous drawdown case as well as for each candidate bean-up operation. 
Producing from multiple layers
So far, we have focused exclusively on vertical wells producing from a single horizontal layer. However, most wells are completed along multiple layers or produced from a combination of normally pressured and over pressured productive zones. In this section, we discuss in a qualitative manner how the presence of multiple producing layers may affect the selection of an optimum bean-up strategy. The well is subjected to an instantaneous drawdown. The abrupt nature of the applied drawdown, combined with low vertical permeability disrupts the hydrostatic pressure distribution near the wellbore. At the very early stage of production, both layers behave autonomously, as if the presence of the other is neglected. That causes pressure gradients to be different among the layers, giving rise to higher pressure gradients in the low permeability zone (point L1). However, with increasing time, vertical pressure equilibrium is restored and pressure gradients converge to an equal value.
Using a bean-up operation allows vertical pressure equilibrium to re-establish shortly after the first few choke adjustments. In this case, pore pressure gradients are approximately equal in both layers and the formation behaves like a medium with horizontal permeability equal to:
h k +h k k= h +h (10) Fig. 16 presents the performance of different choke management strategies applied on a gas well producing from both layers I and II. Bean-up operations are compared for a duration of 48 hr in a gas reservoir with drainage area of 1,400x1,400 ft.
The graph includes the performance of different choke management strategies for the sequence of layers as well as for the case where each layer is produced independently.
From this graph, we may infer the following:
 The optimum choke management strategy for a well producing from both layers corresponds to a value of a equal to -0.85 (Points A and B). This strategy is different compared to the optimum strategy of a=-0.6 which should have been applied if Layer II was to be produced independently (Point C). Consequently, the optimum strategy for a well producing from a series of layers should not be approximated by using individual layer permeabilities, but rather the weighted average horizontal permeability.
 The coupling of both layers yields greater pressure gradients (Point A) in the high permeability layer compared to the anticipated pressure gradient if that layer was the only one to be produced (Point C). On the other hand, smaller pressure gradients are observed in the low permeability layer.
Consequently, the coupling of layers proves to be beneficial for the low permeability layer and detrimental for the sand prone, high permeability layer. That implies that in order to limit the maximum pressure gradient under a threshold value, smaller overall drawdowns should be applied in multi-layered formations compared to fields comprising a single highpermeability layer of identical properties. Step 1-Determine the maximum allowable drawdown a) A conservative estimate can be obtained from analytical models that account for shear and/or tensile failure. Finite element modeling is suggested in cases where reservoir depletion and water cut limit the reliability of analytical models. b) In weakly consolidated formations, a proxy can be obtained from drawdown guidelines based on compilation of data and screen erosion criteria (Tiffin et al.
2003).
Step 2-Determine the maximum allowable pressure gradient
The maximum pressure gradient can be obtained from analytical models based on direct tensile or cavity failure. The critical pressure gradient can also be approximated through Darcy's Law from rate (or fluid velocity) limitations Within this study we also evaluated the effect of skin and provided a qualitative assessment of how choke management strategies should be selected in multi-layered formations. The following practical conclusions may be drawn from this study:
 For relatively short durations (i.e., infinite active behavior), bean-up strategies have similar performance as far as no more than 70% of the overall drawdown is applied within the initial 20% of the bean-up process.
This recommendation can be used as a rule of thumb to inhibit excessive pressure gradients near the wellbore.
 For longer bean-up operations (i.e., when the effect of the no-flow boundaries is felt), the BHP should be reduced more gradually. For a prolonged bean-up, the BHP should be reduced linearly with time.
 For relatively short bean-up operations (i.e., infinite acting behavior), pressure gradients reduce logarithmically with increasing bean-up duration. Boundary effects have a positive influence on the performance of bean-up operations as a result of reservoir depletion. That implies that in reservoirs of high diffusivity (high perm gas) we may prolong the duration to benefit from boundary effects.
 Positive skin factors and multiphase flow negatively affect the performance of bean-up operations since they limit diffusivity and thus the dissipation of pressure gradients near the wellbore. 
